To report the clinical and oncologic associations of antibodies against Kelch-like protein 11 (KLHL11-ab), recently suggested as biomarkers of a paraneoplastic brainstem cerebellar syndrome associated with testicular seminoma, and to determine the value of immunohistochemistry as a screening technique.
Identification of new biomarkers of paraneoplastic neurologic syndromes (PNSs) is important because they assist in the diagnosis of the neurologic disease and guide the tumor search. Patients with Ma2 antibodies (Ma2-abs) develop a combination of limbic, diencephalic, and upper brainstem encephalitis that in young men associate with testicular cancer. 1 Recently, Mandel-Brehm et al. 2 reported a new autoantibody against Kelch-like protein 11 (KLHL11-ab) in 13 patients with paraneoplastic brainstem cerebellar encephalitis and testicular seminoma without Ma2-abs. Here, we determined the frequency of KLHL11-abs in a larger series of patients with PNS or with nonparaneoplastic autoimmune encephalitis. In addition, we assessed the value of routine brain immunohistochemistry to detect these antibodies.
Methods

Patients
We retrospectively assessed the presence of KLHL11-abs in 432 serum or CSF samples of 329 patients with PNS (157) or autoimmune neurologic syndromes (172), 63 with diverse neurologic symptoms in the setting of a benign teratoma (ovary or testicular), 28 with small-cell lung cancer (SCLC) without neurologic symptoms, and 12 healthy subjects. Among the 157 patients with definite or possible PNS, 3 121 had onconeural antibodies (61 Ma2, 40 Yo, and 20 Hu antibodies), and 36 had cancer without onconeural antibodies (17 SCLC, 8 bladder cancer, 6 testicular seminomas, 1 germ cell tumor of the thymus, 2 neuroblastomas, and 2 suspected ovarian and testicular cancer). The remaining 172 patients had autoimmune disorders: 78 anti-NMDA receptor (NMDAR) encephalitis (47 with ovarian teratoma), 38 MS, 35 neuromyelitis optica spectrum disorder (NMOSD), 14 opsoclonus-myoclonus, and 7 other autoimmune-related neurologic conditions.
Detection of KLHL11-abs by cell-based assay
Transfection of Myc-DDK-tagged KLHL11 human complementary DNA (#RC205228; Origene, Rockville, MD) in HEK293 cells was performed following standard procedures. Transfected cells were fixed with 4% paraformaldehyde (PFA) for 15 minutes, blocked with 10% goat serum with 0.1% Triton for 1 hour, and sequentially incubated with the patient's sample (serum 1:10.000, CSF 1:1,000) and a commercial KLHL11-ab (1:1,000, #HPA054269; Sigma-Aldrich, St. Louis, MO) for 2 hours, and the corresponding secondary antibodies (1:1,000, anti-human Alexa488 #A-11013, antirabbit Alexa594 #A-11005; Thermo-Fisher Scientific, Waltham, MA) for 1 hour. Slides were mounted with Prolong gold antifade reagent (Thermo-Fisher Scientific), and images were taken with a Zeiss LSM710 microscope (Carl-Zeiss, Jena, Germany). 4 Brain immunostaining with peroxidase and fluorescence techniques These studies were performed using reported techniques including biotin-avidin peroxidase on frozen sections of rat brain perfused with 2% PFA, followed by 4-hour postfixation with 2% PFA. 5 Indirect immunofluorescence, to confirm the colocalization of human and commercial KLHL11-abs on the rat brain, was performed as in the cell-based assay (CBA) protocol described above.
Immunoprecipitation and Western blot assay
A lysate of HEK293 cells transfected with KLHL11 (total protein 500 μg) was incubated with serum samples (1:100) of patients with or without KLHL11-abs, for 1 hour at room temperature, precipitated with protein A/G (Thermo-Fisher Scientific), separated in an acrylamide gel (#NP03222; Thermo-Fisher Scientific), and transferred to nitrocellulose (#1704158; Bio-Rad, Hercules, CA). Strips were then incubated with the indicated commercial rabbit KLHL11-ab (1:1,000) overnight at 4°C, followed by a secondary anti-rabbit horseradish peroxidase (#NA934V; GE Healthcare, Chicago, IL) for 1 hour, and the reactivity developed with chemiluminescence. 4 Standard protocol approvals, registrations, and patient consents The study was approved by the internal review board of Hospital Clinic (#HCB/2018/0192 protocol). Consent was obtained from all patients or proxies for the use serum and for research purposes.
Data availability
All data are reported within the article and available anonymized by request from qualified investigators.
Results
KLHL11-ab detection
KLHL11-abs were demonstrated in 32 patients by CBA (figure 1, A-F). CSF was available in 13 of 22 patients with KLHL11-abs in serum, and all CSF samples were also positive. To assure the specificity of the CBA, we selected KLHL11-ab-positive samples of 4 patients with different syndromes (cerebellar ataxia and seminoma, Ma2ab-associated brainstem diencephalic encephalitis, and germ cell testicular tumor; opsoclonus-myoclonus with ovarian teratoma; and anti-NMDAR encephalitis with ovarian teratoma) for immunoprecipitation using KLHL11-expressing Glossary CBA = cell-based assay; Ma2-ab = Ma2 antibody; NMDAR = NMDA receptor; NMOSD = neuromyelitis optica spectrum disorder; PFA = paraformaldehyde; PNS = paraneoplastic neurologic syndrome; SCLC = small-cell lung cancer.
HEK293 cells. Samples of patients containing KLHL11-abs but none of the controls (Ma2-ab-associated brainstem diencephalic encephalitis; 2 anti-NMDAR encephalitis, anda normal human serum), immunoprecipitated KLHL11 ( figure 1G ).
All 32 KLHL11-ab-positive samples were also examined using rat brain immunohistochemistry. Samples of 7 (22%) patients showed a robust reactivity with the cytoplasm of large neurons in the brainstem and deep cerebellar nuclei that colocalized with that produced by a commercial KLHL11-ab, confirming the specificity of patients' KLHL11-abs ( figure 2) .
Clinical profile of the 32 patients with KLHL11-abs
Patients' median age was 28.5 years (range 9-76 years), 16 (50%) were women, and 23 (72%) had a tumor (table) . Benign teratomas were the most common associated tumors found in 14 (44%) patients (10 in the ovary and 4 in the testis). Seven (22%) patients had seminomas or mixed germ cell tumors (testicular 6 and thymus 1), 1 SCLC, and 1 ovarian cancer. Overall, 13 (41%) patients had cerebellar ataxia (7 patients) or cerebellar brainstem symptoms in the context of extensive encephalitis (6); 11 of these 13 patients had benign teratomas or germ cell tumors, and 5 harbored concurrent autoantibodies (4 Ma2 and 1 Hu). Seven (22%) patients had anti-NMDAR encephalitis, 5 of them with ovarian teratoma; 5 (16%) had opsoclonus-myoclonus, and 3 (9%) had limbic encephalitis, 2 of them with concomitant Ma2-abs. Four additional patients (12%) had heterogeneous neurologic symptoms, which in 3 associated with benign teratomas. Serum from patients with MS, NMOSD, SCLC without neurologic symptoms, and healthy controls were KLHL11-ab negative.
Discussion
The current findings show that the clinical and oncologic associations of KLHL11-abs are much wider than previously reported and that 44% of patients had concurrent neuronal antibodies, some of them (anti-NMDAR) pathogenically relevant.
As reported, 2 we found a high frequency (72%) of tumors in patients with KLHL11-abs, but the majority were benign teratomas of the ovary or testis. This association cannot be explained by the selection of patients with anti-NMDAR encephalitis, as 50% of patients with ovarian teratomas and KLHL11-ab had other syndromes. Seminomas and mixed germ cell testicular tumors were the second most common tumor type, but, unlike the initial study, 2 57% of these patients had Ma2-abs. The fact that we examined a larger number of patients with Ma2-abs (61 vs 8) could explain this discrepancy.
Based on this and previous findings, KLHL11-abs can be identified in 3 clinical settings (table): (1) CNS syndromes with 5) immunoprecipitated KLHL11. Lane 1 shows the immunoprecipitation using the commercial antibody, and lanes 6-9 demonstrate the lack of KLHL11 immunoprecipitation with the indicated control samples. Lane 10 is the lack of immunoprecipitation of KLHL11 using untransfected HEK293 cells and serum of a patient with KLHL11-ab. a predominant, but not exclusive, brainstem cerebellar involvement. KLHL11-abs (with or without Ma2-abs) frequently occur with tumors (benign teratoma or a testicular tumor) and associate with limited or moderate response to treatment (although one of our patients with a mixed germ cell tumor of the thymus and cerebellar ataxia had a notable improvement after steroids) 6 ; (2) some patients with well-defined syndromes (anti-NMDAR encephalitis) have concurrent KLHL11-abs. In these cases, detection of KLHL11-abs does not change the clinical features or prognosis of classical anti-NMDAR encephalitis (e.g., 6 of 7 patients had substantial improvement [data not shown]); therefore, in this setting, detection of KLHL11-abs does not appear to have neurologic implications. The paradigm is similar to glial fibrillary acidic protein antibodies as accompaniments of anti-NMDAR encephalitis or NMOSD 7 ; and (3) about 5% (3 of 63) of the patients with neurologic syndromes that are not paraneoplastic or autoimmune may harbor KLHL11-abs associated with the presence of a teratoma. KLHL11 is a protein member of the E3 ubiquitin ligase complex, and the intracellular location indicates that the antibodies cannot interfere with its function in vivo. Therefore, any immune mechanism related to KLHL11-abs and tumor or neurologic autoimmunity is likely T cell mediated.
A task for the future is to assess whether KLHL11 is frequently expressed by nonparaneoplastic tumors, particularly seminomas and mixed germinomas, and whether patients with these tumors without neurologic symptoms harbor these antibodies.
